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Abstract 
 Butylated Hydroxyanisole, BHA, and Butylated Hydroxytoluene, BHT, are 
commonly used as preservatives for our food as well as additives in many products such 
as cosmetics, petroleum, and medicine.  Although their use has been approved by the 
Food and Drug Administration (FDA), there have been controversies and debates on 
whether these phenol derivatives or antioxidants are safe to use.  Their accumulative 
toxicology and side effects need to be thoroughly investigated as we continue to consume 
them on a daily basis.  Data obtained by genomic analysis in Tang lab suggested the 
involvement of DNA damage checkpoint/repair pathways in the response network to 
these phenol stress factors.  The aims of this thesis are to examine the morphological 
changes and potential DNA damage induced by exposing cells to BHA and BHT using 
fission yeast Schizosaccharomyces pombe as a model organism. Fluorescence 
microscopy was used to assess DNA double-strain breaks (DSBs) by monitoring the 
nuclear foci formation of Rad22, a DNA repair protein, in the presence of BHA and 
BHT.  Changes in cell morphology were also studied under microscope.  Preliminary 
data showed that cells treated with BHA and BHT exhibited morphological changes.  In 
addition, for the first time in S. pombe cells, Rad22 foci in the nucleus of BHA and BHT 
treated cells were observed.  Further investigation is needed to optimal the experimental 
condition to continue the study.  These results will not only help us to better understand 
the effect of these phenol derivatives in the cells, but can also establish an experimental 
system for future studies on the interaction of the cells with stress factors and therapeutic 
drugs for human-related diseases such as cancer.  
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Introduction 
Butylated Hydroxyanisole and Butylated Hydroxytoluene 
Organisms are affected daily by chemical compounds that are found in the air that 
they breath, the water that they drink and the food that they eat.  Phenols are a particular 
type of chemical compound that are found naturally in the world and are also used as 
important raw materials and additives for industrial purposes such as for the chemical 
industry, plastics processing, and laboratory processes (Branen, 1975).  Furthermore, 
with about 8,000 naturally occurring phenols, these chemical compounds can be found in 
everyday products such as in our food, water bottles, sports equipment, or toys.  Two of 
the most common synthetic phenolic antioxidants that are widely used in the industry 
today are butylated hydroxyanisole, BHA, and butylated hydroxytoluene, BHT.  BHA is 
an antioxidant that occurs as a waxy solid with a faint characteristic odor at room 
temperature.  In commercial use, BHA consists of a mixture of 2-tert-butyl-4-
hydroxyanisole and 3-tert-butyl-4-hydroxyanisole (Branen, 1975, Figure. 1A).  BHA is 
primarily used as a food additive or preservative in food, animal feed, cosmetics, rubber, 
petroleum products, and medicines.  Similarly to BHA, BHT is also an antioxidant that is 
used as a food or fuel additive and can also be found in cosmetics, pharmaceutical drugs 
and rubber. 
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A)      B) 
Figure 1. The chemical structure for A) BHA and B) BHT 
BHA and BHT are commonly used for their antioxidant properties.  Antioxidants 
are molecules that inhibit the oxidation of other molecules.  Oxidation is a chemical 
reaction in which the electrons or hydrogen are transfer from a substance to an oxidizing 
agent (Shahidi et al., 1992; Williams et al., 1999).  This chemical reaction can create free 
radicals that can start chain reactions in the cells. These chain reactions are dangerous to 
the cell because they can cause damage or cell deaths.  Antioxidants can prevent these 
chain reactions from occurring by preventing free radicals from forming.  In BHA and 
BHT, the conjugated aromatic ring of the chemical compounds stabilize free radicals by 
sequestering them, which prevent the radical or chain reactions from occurring (Shahidi 
et al., 1992; Williams et al., 1999).  Their antioxidant characteristic makes them good 
compounds to be converted into preservatives for food and cosmetics because they can 
prevent the deterioration of the products that are caused by oxidation.  Although the Food 
Drug and Administration (FDA) agrees that BHA and BHT are safe to be used as food 
additives to help prevent the deterioration of many types of food that we consume daily 
and the CIR Expert Panel has assessed that they are safe to be used to maintain the 
freshness of our products such as cosmetics, the increased in the use of these chemical 
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compounds have raised health concerns and controversies because the chemical 
properties of BHA and BHT are known to implement health risks in humans  
(TruthInAging).  BHA and BHT have been suspected of inducing health risks such as 
child hyperactivity, damage to the lungs, liver, and kidneys, and most importantly, 
cancer.  Furthermore, the study of the toxicology of food antioxidants have become more 
extensive after “recent long-term studies indicated that BHA and BHT could produce 
tumors in animals at high doses” and “promoters of carcinogenesis” (Madhavi, 1995 and 
Ho, 1922).  Although there have been regulations to limit the usage of BHA and BHT in 
our food and products, it is important to thoroughly investigate these antioxidants in order 
to understand their effects on our system and the safety of these antioxidants as we 
continue to consume them on a regular basis.  
Previous studies have rendered BHA and BHT to be anticarcinogenic.  In his 
article, Gabriel Hocman asserts that the antioxidants have shown to prolong the life and 
modulating the response of mice to carcinogenic insults (Hocman, 1988).  In this study, 
BHA and BHT were shown to protect the rats and mice from certain carcinogen caused 
by other chemical compounds.  These antioxidants exerted chemoprevention actions 
through “interception of harmful free radicals, activating the detoxifying enzymes of the 
body, inhibiting the formation of ultimately carcinogenic metabolites and their binding to 
DNA, and modifying the immune response of the organism” (Hocman, 1988).  Another 
study further showed that BHA and BHT could reduce the carcinogenicity of different 
types of chemicals in rats and mice.  In groups of rats or mice that were fed with BHT or 
BHA together with aflatoxin B1 (AFB1), a mycotoxin, the number of liver altered foci and 
liver cell neoplasms were reduced in comparison with groups that are just fed with 
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aflatoxin B1 (Williams et al., 1986).   In addition, BHA and BHT had also been shown to 
be anticarcinogenic at low concentrations.  The average man consumed an estimated 
amount of 0.1 mg/kg body wt of BHA or BHT daily (Branen, 1975).  These antioxidants 
do not caused obvious injurious effects at levels that are 500 times (50 mg/kg/day) 
greater than the average amount that are consumed on a daily basis (Branen, 1975).  
These studies show that BHA and BHT are not only good antioxidants, but are harmless 
at low concentrations and can prevent carcinogenic effects on organisms such as rats and 
mice by acting as chemopreventive agents.  
In contrasts to arguments that BHA and BHT are safe and also beneficial in 
preventing carcinogens in rats and mice, the National Institute of Health and other 
researchers and scientists who have studied their chronic toxicology and side effects have 
labeled these antioxidants as carcinogens.  Although BHA and BHT are widely used for 
their antioxidant properties by acting as reducing agents to stabilize free radicals, they 
can also act as oxidizing agents by inducing DNA damage and cell apoptosis.  Past 
studies have shown that BHA and BHT can be carcinogenic at high doses.  BHA, at a 
concentration greater than 3000 ppm, has been known to induce forestomach squamous 
cell carcinomas in rodents while BHT at 250 mg/kg/day increases spontaneous 
neoplasms and tumor-promoting activity (Williams et al., 1999).  Whysner et al. observed 
whether BHA can chemically induce tumors in rats’ forestomach (Whysner et al., 1994).  
Groups of male F344 rats were fed diets of 200 mg N-methyl-N-nitro-N-nitrosoguanidine 
(MNNG)/kg with different doses of BHA (0, 60, 300, 1000, 3000, 6000 or 12,000 ppm) 
for about 110 weeks (Whysner et al., 1994).  They discovered that the groups of rats that 
were given doses of 6,000 and 12,000 ppm of BHA significantly increased the “time-
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related incidence of MNNG-induced forestomach tumours” (Whysner et al., 1994).  
Another study also showed that when F344 were given diet containing either 0, 0.124, 
0.25, 0.5, 1, or 2% of BHA, the highest dose was responsible to the large increase in the 
incidence of squamous cell carcinoma of the forestomach and 100% of the rats that were 
given 1% or 2% developed papillomas of the forestomach (Ito et al., 1986a).  
Furthermore, another study by Ito and his colleagues showed that BHA caused 
forestomach hyperplasia and cytotoxicity (Ito et al., 1986b).  
Divided opinions on whether they are carcinogenic or chemopreventive agents are 
debatable and propel the need to further study the effects of BHA and BHT in order to 
understand their chronic toxicology and side effects.  Past studies have shown that BHA 
and BHT can act as chemopreventive agents at low doses, but can be carcinogenic at high 
doses (Branen, 1975; Williams et al., 1999).  Furthermore, genomic screenings of 
deletion strain library of S. pombe in Tang lab suggest the involvement of DNA damage 
checkpoint/repair pathway in response network to BHA and BHT (Unpublished data, 
2011).  BHA has also been known to be specifically involved in DNA damage/repair 
pathway (Unpublished data, 2011).  Since BHA and BHT are phenol compounds that can 
act either as an antioxidant or a pro-antioxidant, a molecular study is needed to determine 
their side effects.  The effects of BHA and BHT are tested on different 
Schizosaccharomyces pombe strains, 501 and JMM1179rad22GFP, to examine whether 
they can trigger morphological changes and induce double-strand breaks of DNA.   
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Schizosaccharomyces pombe 
 The effects of BHA and BHT are tested on Schizosaccharomyces pombe (S. 
pombe), a fission yeast.  S. pombe is a common species of yeast that have been used as a 
model organism in molecular and cell biology.  In 2002, the Sanger Institute helped 
sequence the genomic library of S. pombe.  S. pombe became the sixth organism with a 
nucleus to have its genome sequenced, which also made it the smallest and most compact 
genome with 13.8 million base pairs distributed among 3 chromosomes and 4,824 genes 
("European Bioinformatics Information").  The completion of the genome sequence has 
accelerated the use for functional and comparative studies of eukaryotic cell processes in 
S. pombe.  
 S. pombe has been widely used to investigate the cell cycle and human disease 
pathways.  It was discovered that 50 genes from the genome sequence of S. pombe 
showed similarity with human disease genes, with half being cancer related (Wood et al., 
2002).   S. pombe is a good model organism for the study of human disease pathways, 
such as cancer, because of its cell cycle and checkpoint background ("European 
Bioinformatics Information").  The protein coding genes of S. pombe produce products 
that have shown similarities to proteins coded by 289 genes that are mutated, amplified or 
deleted in human disease (Wood et al., 2002).  Furthermore, about 172 of the S. pombe 
proteins show similarities with the human disease proteins, and 23 of the S. pombe genes 
are involved in DNA damage checkpoint and repair, checkpoint controls, and cell cycle, 
which are processes related to cancer in humans (Wood et al., 2002) 
 Besides being an excellent model organism for the study of cell cycle control, 
mitosis, and meiosis, DNA repair and recombination, and checkpoints controls that are 
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important for genomic stability, the structure and life cycle of S. pombe also make it an 
ideal experimental model for the study of cell cycle.  S. pombe exists as a unicellular 
eukaryote, is rod-shaped, and grows by asymmetric elongation ("European 
Bioinformatics Information").  It maintains the structure and shape by growing through 
the cell tips and divide by medial fission ("European Bioinformatics Information").  Also, 
S. pombe maintains its rapid growth rate by producing two daughter cells of equal sizes 
quickly ("European Bioinformatics Information").  Furthermore, S. pombe is found to 
exist in the haploid and diploid states.  In nature, however, S. pombe is predominantly 
haploid, which makes it an ideal organism to study for gene function.  These properties 
make S. pombe an ideal organism to study cell cycle pathways, DNA damage, and also to 
detect mutants that can exist in human-related disease such as cancer, diabetes, cystic 
fibrosis, and hereditary deafness (Wood et al., 2002).   
Genomic Deletion Library of Schizosaccharomyces pombe 
The genomic-wide deletion collection has helped to facilitate studies such as 
“genetic interaction assays, phenotypic analysis, comparative genomics, gene 
dispensability analysis of higher eukaryotes and drug-induced haploid sufficiency 
screening” (Kim, et al, 2010).  One of the ways to investigate whether BHA and BHT can 
induce damage in S. pombe is to use its gene deletion library, which shows specific gene 
responses evoked by these chemical compounds. The sequencing of the entire S. pombe 
genome has allowed for the identification of gene deletion strains that are sensitive to 
BHA and BHT.  These strains can be used to examine the chemical stresses of these 
phenol compounds on the cells as well as deduce which cellular pathways are targeted.  
Jean Kang, a previous thesis student, used the S. pombe gene deletion library set (Cat. 
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No. M-1030H) that was constructed by Dr. Kwang-Lae Hoe at KRIBB (Korea Research 
Institute of Biotechnology and Bioscience, Korea) in collaboration with Sir Paul Nurse at 
CRC (Cancer Research Center, UK) to study the effects of BHA and BHT.  The deletion 
library contained 2,815 haploid strains.  General screenings as well as spot assays were 
performed to determine which strains were sensitive or resistant to BHA or BHT.  The 
results indicated that out of the 2,465 strains screened on BHT plates, 45 strains were 
determined to be sensitive and ten strains were considered to be resistant.  For BHA, 242 
strains were considered to be sensitive out of the 2,112 strains screened and seven strains 
were thought to be resistant.  Furthermore, from the 45 strains that were sensitive to 
BHT, gene deletion strains ∆arp42, ∆vps25, ∆yaf9, and ∆ngg1 were verified for 
sensitivity.  The function of these genes suggested that BHT may target epigenetic 
pathways and can effect transcription activation and chromatin remodeling.  However, 
the results also indicated that the cellular responses from these genes that were affected 
by BHA or BHT may not be significant and may be part of the general stress response 
(Unpublished data, 2011).  Also, the results from this experiment showed that BHT and 
BHA did had some effects on the strains that were sensitive, but did not contained 
conclusive results to indicate which cellular responses were specifically triggered by 
BHA and BHT.      
 Using the results from this experiment as well as the genomic library screening, 
genes that are specifically triggered by BHA and BHT can be determined. The strains 
that were sensitive to BHA or BHT were rescued by sorbital, an osmotic stabilizer.  If a 
gene is rescued when treated with sorbital, it can be concluded that the gene responds to 
the general stress factor.  However, if the gene is not rescued by sorbital, then it can be 
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deduced that BHA or BHT specifically targets the gene.  Furthermore, strains that are 
sensitive to BHA or BHT were broken down into functional modules.  Some of the 
important functional modules are mitotic cell cycle regulation, cytokinesis, DNA damage 
checkpoint and repair, ER/Golgi protein sorting, and vacuolar trafficking.  For this 
experiment, DNA damage checkpoint and repair will be investigated to determine 
whether BHA and BHT specifically target this cellular pathway.!
Morphological Changes in S. pombe 
 Since wild-type S. pombe cells are usually rod-shaped, normal sized, and grow 
from cell tips, changes in the morphology that are triggered by BHA and BHT can be 
easily identified.  Cells that have been damaged can exhibit morphological changes such 
as multiseptate, misplaced septum, defects of cell cleavage as well as Y shape and budge 
growths (Figure 2). 
 
 
 
 
 
 
 
 
 
Figure 2.  Morphological changes that have been identified in S. pombe (Gould and 
Simanis, 2007) 
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DNA Double-Strand Breaks 
 Double-strand breaks, in which both strands in the double helix are damaged, are 
particularly hazardous to the cell because they can alter the genome rearrangement and 
stability.  If not repair correctly, double-strand breaks can also cause deletions, 
translocations, fusions in DNA and ultimately cell!deaths.! Homologous recombination 
repair (HRR) and non-homologous en joining (NHEJ) are the two main repair 
mechanisms that can be used to repair double-strand breaks.  Double-strand breaks can 
occur after treatment with ionizing radiation and during normal cellular processes such as 
DNA replication.  Double-strand breaks are examined in the cells because they are good 
indications to see whether BHA and BHT can induce DNA damage.   
 Past studies have shown that cells that are irradiated or treated with phenol 
compounds have higher foci formations than the control.  Meister et.al performed gamma 
radiation on living fission yeast cells that expressed Rad22 tagged with YFP.  They found 
that unirradiated cells displayed a diffuse pattern and hardly any foci formation was 
present, which was normal for a control (Meister et al., 2003, Figure 3).  Cells that had 
been subjected to gamma radiation showed an increase in Rad22 foci formations (Meister 
et al., 2003, Figure 3).  In another study performed by Professor Negritto’s lab at Pomona 
College, strains tagged with Rad52 protein were used to determine whether phenol 
compounds, BHA and BHT could cause double-strand breaks.  Her lab discovered that 
the control also exhibited a diffuse pattern for the control.  Furthermore, cells that were 
treated with the phenol compounds had higher Rad52 foci formations than the control.  
 From past studies on the morphological changes and double-strand breaks 
triggered by phenol compounds or gamma radiation, it can be hypothesized that the 
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control will have less double strand breaks and cell irregularities than cells treated with 
BHA or BHT.  This can be determined by the increase in Rad22 foci formations as well 
as changes in morphology. 
 
 Figure 3.  Foci formations in A) unirradiated cells B) irradiated cell, Meister et al., 2003 
Rad22 
 Rad22 is used to examine whether BHA and BHT can induce double-strand 
breaks in DNA.  Strain JMM1179rad22GFP expresses Rad22 protein tagged with GFP.  
Wild-type 501 tagged with just GFP will be used as a negative control for Rad22.  Rad22, 
also known as Rad52, is highly conserved in evolution, can recognize the process of 
double-strand breaks in DNA, and can also monitors DNA foci formation. Furthermore, 
Rad22 is an important protein because it is involved in meiotic DNA repair synthesis and 
can repair double-strand break via homologous recombination.  
Fluorescence Microscopy, Green Fluorescence Protein, DAPI, and Calcofluor 
Fluorescence microscopy is used to study the properties of the cells.  The 
visualizations that it provides can serve as a useful tool for analysis of DNA damage in 
living cells.  GFP, which is a protein that exhibit green fluorescence light in the presence 
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of blue and ultraviolet light, is often used in cell biology as a reporter for gene 
expression.  If Rad22 protein is expressed in the cells, then GFP will indicate the location 
of the protein within the cell’s nucleus because that is where DNA damage or double-
strand breaks occurs.  DAPI, or 4’,6-diamidino-2-phenylindole, is a fluorescent stain that 
can permeate the cell membranes to stain both live and fixed cells.  DAPI will be used to 
stain the nucleus for indications of foci formation or double strand breaks in the cells.  
Calcofluor is another fluorescence staining that will be used to stain carbohydrate 
components of cell wall or the septum in the cells.  The staining of GFP, DAPI, and 
calcofluor will be used to examine for morphological changes and DNA damages.   
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Materials and Method 
Table 1. S. pombe strains used (501 and 1179) and their genotypes 
Strain Genotype 
501 h-ade6-704leu1-32ura4-D18 
1179 h-ade6-704leu1-32ura4-D18rad22-GFP::KanMX6 
 
Cell Cultures  
An overnight culture of each strain was inoculated by colonies streaked out on 
YES plate (yeast extract with supplement) in 5 mL of YES and incubated at 30oC.  The 
cell density of each culture was measured by absorbance at 595 nm using a 
spectrophotometer.  Two parallel cultures of each strain in minimal media (MM) plus 
adenine, uracil, and leucine were started by adding appropriate volume of corresponding 
overnight culture, one with 1% of dimethyl sulfoxide (DMSO) alone and the other with 
BHA or BHT at a final concentration of 0.4 mM or 0.6 mM, respectively.  The 
concentrations are based on the IC70, which is the inhibitory concentration when 70% of 
cells are inhibited.  DMSO was used to make stock solutions of the phenol derivatives.  
The cells were collected by centrifugation at 0, 5, 10, and 24 hours. Then, the 
cells were washed twice with sterile water.  Lastly, cold 70 % ethanol was added to fix 
the cells. The samples were place in a refrigerator when not used.  
DAPI and Calcofluor Staining 
 Before the cells were stained, they were re-suspended into new tubes to be fixed.  
This was done by harvesting 100 µL of cells from each sample into an eppendorf tube.  1 
mL of sterile water was then added and the cells were centrifuged.  The cells were then 
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re-suspended with 50 µL of sterile water.  To make the slides for staining, 5 µL from the 
50 µL of cells from each sample was placed on a labeled microscope slide. 
 The cells were stained with a 9:1 ratio of DAPI (4’, 6-diamidino-2-phenylindole) 
and calcofluor 1X stock.  1X DAPI stock (20 µL 10X DAPI/antifade, 180 µL glycerol) 
was prepared freshly prior to each use.  1X calcofluor (10 µL 20X calcofluor, 40 µL 
antifade, 150 µL  50% glycerol) was also made fresh before each use.  To make the 9:1 
ratio of DAPI and calcofluor for staining, 90 µL of 1X DAPI and 10 µL of 1X calcofluor 
were mixed together. When the cells were immobilized on the slide, 5 µL of 9:1 ratio of 
1X DAPI and 1X calcofluor staining solution was added and a cover slip was 
immediately placed onto each sample.  The microscope slides were covered with 
aluminum foil to protect them from light while the 1X DAPI and calcofluor staining 
solution was added. After the cover slip was placed onto each sample, a clear nail polish 
was used to paint the sides of the cover slips to prevent them from falling off.  The 
microscope slides were placed in a box to protect them from light until they were ready to 
be used.  
Fluorescence Microscopy 
In order to examine any possible morphological changes and double-strand breaks 
of the GFP tagged strains, the samples were observed under an Olympus IX81 
fluorescence microscope. The magnification used was 1000X.  The GFP and DAPI filters 
as well as the phase contrast were used.  The images were then processed using 
Photoshop. 
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Results 
Morphology 
Normal phenotypes were observed for wild-type S. pombe cells.  Wild-type cells 
are usually rod-shaped and grow from cell tips.  Strains 501 and JMM1179rad22GFP 
were treated with 0.4mM of BHA and 0.6 mM of BHT to examine the changes in the 
morphology including cell size, shape, multiseptate, misplaced septum, multiple nuclei, 
and defects of cell cleavage as well as Y shape and budge growths.  Data obtained 
showed that cells treated with the phenol compounds exhibited more morphological 
changes than cells that were treated with just 1% DMS0. 
Figure 4. The cells of strain 501 at different time points grown in MM containing 1% 
DMSO as controls.  
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Figure 5. Cells of strain JMM1179rad22GFP at different time points grown in MM 
containing 1% DMSO as controls.  
Strains 501 and JMM1179rad22GFP, for the most part, displayed no significant 
morphological changes when they were treated with just 1% DMSO at the different time 
points as controls.  The cells were typically regular and rod shaped and had a single 
septum (Figure 4, Figure 5).  Also, a single nucleus was seen in most of the cells.  
However, some cells of strain JMM1179rad22GFP showed multiple nuclei in the cells 
and were more elongated than others (Figure 5).   
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Figure 6. The effects of BHA on the morphology of strain 501 cells at different time-
points 
 
             Data obtained showed that BHA changed the morphology of the cells.  For 
example, in strain 501, cells were shaped irregularly and elongated at the 5-hour time-
point (Figure 6).  At, the 10-hour time-point, the cells showed thickening of septa and 
also elongation of cells (Figure 6).  Cells were shorter and larger at the 24-hour time-
point.  Single nucleus was observed in all of the cells (Figure 6).   
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Figure 7.  The effects of BHT on the morphology of strain JMM1179rad22GFP cells at 
different time-points 
Cells that were treated with BHT also displayed similar phenotypes as cells that 
were treated with BHA.  Although there were no significant changes in the cells at the 5-
hour time-point, cells at the 10-hour time-point showed elongation as well as thickening 
of septa (Figure 7).  Although some cells at the 24-hour time-point were elongated, most 
of the cells were smaller than cells at the 10-hour time-point (Figure 7).  
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Figure 8.  Types of changes of the septum that were observed in 100 cells of strain 501 
treated with 1% DMSO compared to cells of strain 501 treated with 0.4 mM BHA at 
different time-points 
 
 
 
 
 
 
 
 
 
Figure 9.  Types of changes of the septum that were observed in 100 cells of strain 
JMM1179rad22GFP treated with 1% DMSO compared to cells of strain 
JMM1179rad22GFP treated with 0.6 mM BHT at different time-points 
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Since the phenotype that changed the most was the septum, the number of cells 
with misplaced septum, multiple septa, or thick septum was quantified.  Quantitative 
analyses showed that cells from strains 501 and JMM1179rad22GFP treated with BHA or 
BHT had more cells with misplaced septum, multiple septa, or thick septum than cells 
treated with just 1% DMSO (Figure 8, Figure 9).  The number of cells with thick septa 
was observed the most in cells treated with the phenol compounds at the different time-
points (Figure 8, Figure 9). 
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DNA Damage 
 To determine whether BHA or BHT can induce DNA damage in the cells, strain 
JMM1179 (rad22GFP) with Rad22 protein tagged with GFP was used to assess for DNA 
damage in the cells because it could identify the process of double-strand breaks in DNA 
as well as monitor for DNA foci formation.  Strain 501, which is not tagged with Rad22 
protein, is used as a negative for GFP signal control (Figure 10, Figure 14, Figure 18).  
Strain JMM1179rad22GFP was treated with 1% DMSO, 0.4 mM BHA, or 0.6 mM BHT 
and was examined for Rad22 foci in the cells.  
Figure 10.  Wild-type strain 501 cells treated with or without BHA or BHT at 5-hour 
time-point; cells were grown in MM containing 1% DMSO as a control (upper panel) 
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Figure 11.  Strain JMM1179rad22GFP cells treated with or without BHA or BHT at 5-
hour time-point; cells were grown in MM containing 1% DMSO as a control (upper 
panel); white arrows point to Rad22 foci 
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Figure 12.  Zoomed in images of strain JMM1179rad22GFP cells treated with or without 
BHA or BHT at 5-hour time-point; cells were grown in MM containing 1% DMSO as a 
control (upper panel) 
Fluorescence microscopy data showed that there were significant differences 
between strains 501 and JMM1179rad22GFP.  Strain JMM1179rad22GFP treated with 
BHA had more Rad22 foci in the nucleus than the cells treated with 1% DMSO or BHT 
(Figure 11).  Furthermore, fluorescence microscopy also showed changes in the 
phenotype of the cells.  For example, cells treated with BHT in strain 501, which was not 
used as a negative control for morphological changes, and strain JMM1179rad22GFP 
looked grainy rather than smooth (Figure 10, Figure 11).  Also, cells treated with BHT 
were larger than cells treated with either BHA or 1% DMSO (Figure 10, Figure 11). 
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Table 2.  The number and percentage of strain JMM1179rad22GFP cells treated with 1% 
DMSO, 0.4 mM BHA or 0.6 mM BHT that exhibited Rad22 foci at the 5-hour time-point 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Percentage of Rad22 foci induced by BHA and BHT in strain 
JMM1179rad22GFP at 5-hour time-point 
 Quantitative analysis further showed that cells from strain 1179 treated with BHA 
had more Rad22 foci formation than cells treated with 1% DMSO or BHT at the 5-hour 
time-point (Figure 13).  1% exhibits Rad22 foci in cells treated with 1% DMSO while 0% 
of Rad22 foci were found in cells treated with BHT (Figure 13).  Also, about 5% showed 
formations of Rad22 foci in cells treated with BHA (Figure 13).  
Strain and Treatment 
Number of 
cells counted 
Number of cells 
with Rad22 foci 
Percentage of cells 
with Rad22 foci 
(%) 
1179+DMSO 100 1 1 
1179+BHA 100 5 5 
1179+BHT 100 0 0 
0!1!
2!3!
4!5!
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1179+DMSO! 1179+BHA! 1179+BHT!
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Figure 14.  Wild-type strain 501 cells treated with or without BHA or BHT at 10-hour 
time-point; cells were grown in MM containing 1% DMSO as a control (upper panel) 
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Figure 15.  Strain JMM1179rad22GFP cells treated with or without BHA or BHT at 10-
hour time-point; cells were grown in MM containing 1% DMSO as a control (upper 
panel); white arrows point to Rad22 foci 
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Figure 16.  Zoomed in images of strain JMM1179rad22GFP cells treated with or without 
BHA or BHT at 10-hour time-point; cells were grown in MM containing 1% DMSO as a 
control (upper panel) 
At 10-hour time-point, cells from strain JMM1179rad22GFP treated with BHA 
and BHT formed Rad22 foci in the nucleus (Figure 15, Figure 16).  However, more 
Rad22 foci were observed in cells treated with BHA than BHT.  Morphologically, some 
cells treated with BHT in strain JMM1179rad22GFP were also grainy (Figure 15). 
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Table 3.  The number and percentage of strain JMM1179rad22GFP cells treated with 1% 
DMSO, 0.4 mM BHA or 0.6 mM BHT that exhibited Rad22 foci at the 10-hour time-
point 
 
 
 
 
 
 
 
 
 
Figure 17.  Percentage of Rad22 foci induced by BHA and BHT in strain 
JMM1179rad22GFP at 10-hour time-point 
 At the 10-hour time-point, cells of strain JMM1179rad22GFP formed more 
Rad22 foci in 1% DMSO, BHA, and BHT than at the 5-hour time-point.  Similarly to 
cells at the 5-hour time-point, cells treated with BHA had more Rad22 foci localized in 
the nuclei (Figure 17).  In contrast, cells treated with 1% DMSO and BHT had about the 
same percentage of Rad22 foci found in the nuclei, 4% and 4.67%, respectively (Figure 
17).  
Strain and Treatment 
Number of 
cells counted 
Number of cells 
with Rad22 foci 
Percentage of cells 
with Rad22 foci 
(%) 
1179+DMSO 100 4 4 
1179+BHA 150 13 8.67 
1179+BHT 150 7 4.67 
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Figure 18.  Wild-type strain 501 cells treated with or without BHA or BHT at 24-hour 
time-point; cells were grown in MM containing 1% DMSO as a control (upper panel) 
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Figure 19.  Strain JMM1179rad22GFP cells treated with or without BHA or BHT at 24-
hour time-point; cells were grown in MM containing 1% DMSO as a control (upper 
panel); white arrows point to Rad22 foci 
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Figure 20.  Zoomed in images of strain JMM1179rad22GFP cells treated with or without 
BHA or BHT at 24-hour time-point; cells were grown in MM containing 1% DMSO as a 
control (upper panel) 
JMM1179rad22GFP cells treated at the 24-hour time-point exhibited more Rad22 
foci than at any other time-points (Figure 19).  Like the cells at the other time-points, 
cells treated with BHA displayed more Rad22 foci than cells with the other treatments 
(Figure 19).   
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Table 4.  The number and percentage of strain JMM1179rad22GFP cells treated with 1% 
DMSO, 0.4 mM BHA or 0.6 mM BHT that exhibited Rad22 foci at the 24-hour time-
point 
 
 
 
 
 
 
 
 
 
 
Figure 21.  Percentage of Rad22 foci induced by BHA or BHT in strain 
JMM1179rad22GFP at 24-hour time-point 
 JMM1179rad22GFP cells treated with BHA had the highest percentage, 12.67%, 
of Rad22 foci compared to cells treated with 1% DMSO or BHT (Figure 21).  Out of 100 
cells, 5% of Rad22 foci were found in cells treated with 1% DMSO.  For cells treated 
with BHT, 6% of Rad22 foci were found in the cells (Figure 21).  
 
Strain and Treatment 
Number of 
cells counted 
Number of cells 
with Rad22 foci 
Percentage of 
cells with Rad22 
foci (%) 
1179+DMSO 100 5 5 
1179+BHA 300 38 12.67 
1179+BHT 200 12 6 
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Discussion 
 The results indicated that BHA and BHT altered the morphology of the cells in 
both strains.  Also, cells treated with the phenol compounds exhibited DNA double-
strand breaks in strain JMM1179rad22GFP.   
Morphology 
 Data obtained from fluorescence microscopy showed that BHA and BHT did 
triggered morphological changes.  The results showed that when the strains were treated 
with BHA or BHT, the cells’ shape, size, and other phenotypic characteristics, such as the 
septa and nuclei, were altered.  For the most part, strains that were treated with just 1% 
DMSO displayed no significant morphological changes. Since the phenol compounds are 
known to alter the genomic stability of the cells, changes in the morphology can also be 
an indication of DNA damage or double-strand breaks.  Dividing cells might respond to 
the double-strand breaks by slowing down progression in the cell cycle.   Damage of 
DNA can be determined by observing the changes in the cells during the cell-cycle 
checkpoints.  Damages usually occur in the G1 or S cell-cycle phases, where “replication 
and initiation of late firing replication origins” is stalled if DNA damage is detected 
(Vermeulen, 2003).  Also, cell growth is governed by the cell cycle, especially at the 
G2/M transition stage.  At this stage, mitosis is delayed to prevent the segregation of 
chromosomes that are damaged during the G2 or S-phase (Vermeulen, 2003).  These cell 
cycle stages are important and are defined checkpoint pathways that help to recognize the 
presence of damaged DNA in the cells and can halt progression at different cell cycle 
transitions.  One of the changes observed was the size of the cells.  Elongation of the cells 
represents the inability of the cells to separate normally.  Since their ability to separate 
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into two different cells is blocked, the cells become more elongated than the normal cell 
size of the wild-type.  Multiple or the thickness of the septa, which is an indication of cell 
division at the G1 or S phase, also represent the inability of the cells to undergo 
cytokinesis or to divide properly because they are unable to separate.  Furthermore, most 
of the cells treated with BHA or BHT at the 24-hour time-point had no septa or nuclei, 
which indicated that the phenol compounds might had inhibited the formation of the 
septa and nuclei.  These changes in the morphology of the cells indicate that the phenol 
compounds have caused sensitivity towards the cells because the cells are not able to 
reproduce or grow normally.  Therefore, the shape, size and other phenotypes of the cells 
are altered in response to the chemical stressors.   
 Interestingly, fluorescence microscopy data showed that strains 501 and 
JMM1179rad22GFP cells had phenotypic changes when the cells were treated with BHT 
at the 5-hour time-point.  Compared to the other cells treated with either 1% DMSO or 
BHA, the cells were grainy and not smooth.  Also, the cells treated with BHT were much 
larger than the other cells.  This might be an indication that BHT induces more 
morphological changes in the cells than BHA.  Furthermore, in correlation to the 
genomic deletion library of S. pombe, some of the genes that were tested for sensitivity to 
BHT targeted epigenetic pathways (Unpublished Data, 2011).  Therefore, the changes in 
the morphology of the cells treated with BHT may be due to modifications to the genome 
that do not involve a change in the nucleotide sequence, but rather through DNA 
methylation or histone acetylation.   
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DNA Damage 
  The cells from strain JMM1179rad22GFP treated with BHA overall had higher 
percentage of Rad22 foci localizations in the nuclei than cells treated with BHT or 1% 
DMSO.  Normally, control cells displayed a diffuse pattern.  However, when the cells, 
which express the Rad22 protein, have been treated with BHA or BHT, they are expected 
to exhibit an increase in Rad22 foci formations, similarly to the gamma and phenols 
induced double-strand breaks studies (Figure 3).  The results from this experiment 
indicated that cells that were treated with BHA had a higher percentage of Rad22 foci 
than cells that were treated with BHT or 1% DMSO.  There are several factors to why 
more Rad22 proteins are found in cells treated with BHA.  The genomic screenings of 
deletion strain library of S. pombe that are performed in Tang lab found that many of the 
genes are associated with DNA damage (Unpublished Data, 2011).  Furthermore, DNA 
damage checkpoint/repair was determined to be one of the main pathways of BHA 
(Unpublished Data, 2011).  Since BHA is known to induce apoptosis in the cells, more 
Rad22 foci will be formed in the presence of DNA damage.  Also, since the presence of 
Rad22 foci is an indication of double-strand breaks and the protein can repair double-
strand breaks via homologous recombination, this means that more cells are undergoing 
repairment to fix the damages that are caused by the exposure to BHA.  Although BHT 
also induced double-strand breaks in the cells, the percentage of Rad22 foci observed in 
the cells were not as high as cells treated with BHA.  This might be because BHT is not 
specifically involved in the DNA damage checkpoint/repair pathways and therefore does 
not significantly alter the genomic stability of the cells like BHA.   
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The results are consistent with the findings via the genomic screening of deletion 
strain library because it shows that BHA and BHT can alter the genomic stability of the 
cells.  Theoretically, Rad22 proteins can recognize double-strand breaks and act as a 
checkpoint in the cells to repair the cells when they are damaged.  The purpose of 
observing Rad22 proteins in this study was to monitor for double-strand breaks and to 
show whether BHA and BHT could induce DNA damage in the cells.  The presence of 
Rad22 foci in the cells that are treated with these phenol compounds indicate that cells 
need checkpoints in order to handle stress that are induced by BHA and BHT as well as 
repair for damages and more importantly, for their survival.  Whether Rad22 protein is 
specifically involved in DNA damage checkpoint/repair pathway is unknown.  However, 
the genomic screenings of gene deletion library of S. pombe have shown that certain 
genes have shown sensitivity to BHA and BHT and are specifically involved in DNA 
damage checkpoint/repair pathway.  These genes are important for the survival of the 
cells because the lack of or inaccurate repair of double-strand breaks can lead to 
mutations or to larger-scale genomic instability, which may have tumorigenic potential 
and induce apoptosis (Jackson, 2002).  If these genes are removed from the cells, then the 
cells will become more sensitive to BHA or BHT because they are not able to handle the 
stress inflicted by these phenol compounds.  Therefore, the presence of these genes is 
important for the genomic stability of the cells when they are exposed to chemical 
stressors such as BHA and BHT because they can act as checkpoints for DNA damage 
and help to repair for DNA double-strand breaks. 
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Future Studies 
The results from this study show that BHA and BHT do cause morphological 
changes in the cells and that they can also induce DNA damage.  However, more 
experiments need to be carry out in order to support the preliminary data.  Specific-gene 
deletion strains, such as SPBC216.01c, ∆mug176, ∆mms, ∆pms, ∆mag1, ∆rad8, that are 
involved in DNA damage checkpoint/repair pathways and have been previously 
identified in genomic screening can be used to further determine whether BHA and BHT 
can cause double-strand breaks. Since BHA and BHT can affect other cellular pathways, 
it might be interesting to examine how other functional modules that were identified to be 
important would react when elicited by these phenol compounds. Besides DNA damage 
and repair, other important functional modules from strains that were sensitive to the 
phenol compounds are:  mitotic cell cycle regulation, cytokinesis, ER and Golgi protein 
sorting, and vacuolar trafficking.   
Previous studies have shown that BHA and BHT have different effects at high 
and low concentrations (Branen, 1975; Williams et al., 1999).  Therefore, it would also 
be interesting to treat the strains at different concentrations and investigate whether 
similar or different results would be obtained at the different concentrations.  BHA and 
BHT are not the only chemical stressors that are known to be harmful.  There are a lot of 
chemical in drugs and food that have not been studied.  The methodology from this study 
can be used to investigate the effects of other chemical stressors and drugs in S. pombe 
strains.  Since S. pombe strains are known to be similar to the human genes, such as 
cancer, it is important to examine the effects that these chemical may have in the cells.  
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